1.. Introduction {#s1}
================

Pulmonary arterial hypertension (PAH) remains a progressive and fatal disorder. Present treatments provide some relief of symptoms, but to date had limited effect upon long-term survival.^[@CVV243C1]^ Studies in animal models and human subjects have identified a number of signalling mechanisms that are dysregulated in the setting of PAH including hyperactive vasoconstriction^[@CVV243C2]^ and loss of vasodilation in general and nitric oxide (NO)-mediated vasodilation in particular.^[@CVV243C3],[@CVV243C4]^ In some cases, a genetic mutation has been linked to human disease.^[@CVV243C5]^ Still, in most instances, the causative events remain unknown and this likely contributes to the delay in therapeutic progress.

The secreted matricellular protein thrombospondin-1 (TSP1) is thought to play a role in vascular health and disease. In the systemic vasculature, TSP1 modulates vascular response and at pathological levels promotes vascular dysfunction.^[@CVV243C6],[@CVV243C7]^ In cells and animal models, overactive TSP1 signalling inhibits vasodilation in part by limiting NO production and signalling.^[@CVV243C8],[@CVV243C9]^ In addition, TSP1 is reported to be involved in arteriosclerosis-associated vascular remodelling.^[@CVV243C10]^ In the lung, TSP1 has been reported to be important in the maintenance of homeostasis^[@CVV243C11],[@CVV243C12]^ and to inhibit cancer growth.^[@CVV243C13],[@CVV243C14]^ Beyond these functions, a role for TSP1 in promoting pulmonary vasculopathy is now being appreciated. We and others have found that *tsp1^−/−^* mice are protected from hypoxia-mediated PAH.^[@CVV243C15],[@CVV243C16]^ We also reported that TSP1 is up-regulated in lungs from PAH patients compared with non-PAH controls.^[@CVV243C8],[@CVV243C9],[@CVV243C15]^ However, the molecular mechanisms that regulate TSP1 in the lung are still unknown.

Hypoxia stimulates pulmonary vasoconstriction and, if chronic, causes hypertrophy of the medial layer of pulmonary arteries (PAs).^[@CVV243C17]^ In a feed-forward manner, vascular deterioration due to decreased blood flow through the lungs further exacerbates tissue hypoxia.^[@CVV243C18]^ Most responses to hypoxia are mediated through the induction of a specific gene expression programme regulated by a family of α/β heterodimeric transcription factors known as hypoxia-inducible factors (HIFs). Under normoxic conditions, HIFα subunits are unstable and their integrity is dependent on hydroxylation by oxygen-dependent enzymes and binding to the von Hippel-Lindau (VHL) protein, the substrate recognition component of an E3 ubiquitin ligase complex that targets HIF for proteosomal degradation.^[@CVV243C19],[@CVV243C20]^ Of the three known alpha subunits, HIF-1α and HIF-2α have been the most studied. Although HIF-2α is abundantly expressed in the lung,^[@CVV243C21]^ studies in mutant mice suggest that both HIF-1α and HIF-2α are involved in the hypoxic adaptive process in the lung vasculature.^[@CVV243C22],[@CVV243C23],[@CVV243C24],[@CVV243C25]^ In heterozygous *hif-1α^+/−^* mice, hypoxia-induced vascular remodelling is decreased.^[@CVV243C22]^ Likewise, heterozygous *hif-2α^+/−^* mice did not develop pulmonary hypertension following prolonged hypoxia.^[@CVV243C23]^ Furthermore, dysregulation of the HIF pathway has been reported to promote pulmonary hypertension both in mouse models and in human patients with HIF-2α mutations.^[@CVV243C26],[@CVV243C27]^ However, the molecular changes triggered by HIF are incompletely understood. It has been shown that hypoxia induces vascular cell expression of TSP1,^[@CVV243C28]^ while in tumour cells hypoxia decreases TSP1 levels by non-transcriptional mechanisms.^[@CVV243C29]^ Nonetheless, it is largely unknown how hypoxia regulates TSP1 in the lung, whether this occurs in an HIF-dependent manner, and if this regulation contributes to pulmonary vascular dysfunction and PAH.

We now report that hypoxia induces TSP1 in murine lungs and in human and murine pulmonary vascular and non-vascular cells. Using a murine model of constitutive hypoxia (induced by deletion of the *vhl* gene), we found increased levels of pulmonary TSP1. On the other hand, in mice mutated to lack both *vhl* and *hif-2α*, and in homozygote *hif-2α*^−/−^ mice exposed to chronic hypoxia, TSP1 induction in the lung was reverted. In contrast, in mice mutated to lack both *vhl* and *hif-1α*, TSP1 induction was maintained. Furthermore, luciferase reporter assays demonstrated transcriptional activity of HIF-2α, but not HIF-1α, when it binds to hypoxia-response elements (HREs) close to the *tsp1* promoter. Additionally, under hypoxia, increased levels of TSP1 accelerate fibroblast and pulmonary artery smooth muscle cell (PASMC) migration and destabilize endothelial cell--cell interactions. In functional studies with PAs from wild-type (WT) and *tsp1*^−/−^ mice, TSP1 promoted endothelial dysfunction under hypoxia, in part by targeting specific voltage-gated channels. Finally, analysis of lungs from individuals with and without end-stage PAH found that both TSP1 and HIF-2α increased in the pulmonary vasculature of diseased lungs. Taken together, these studies provide novel mechanistic insights into the regulation of pulmonary TSP1 and its contribution to PAH.

2.. Methods {#s2}
===========

2.1. Animals {#s2a}
------------

Age-matched male C57BL/6 WT and *tsp1*^−/−^ mice (stock numbers 000664 and 006141, respectively) were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Vhlfl/fl-UBC-Cre-ERT2, HIF-2αfl/fl-UBC-Cre-ERT2, and HIF-1αfl/fl-UBC-Cre-ERT2 mice were used to generate VHL (*vhl^−/−^*), or HIF-2α (*hif-2α^−/−^*) knockout mice, respectively, or double VHL/HIF-2α, VHL/HIF-1α knockout mice (*vhl^−/−^/hif-2α^−/−^*, *vhl^−/−^*/*hif-1α^−/−^*, respectively). The gene deletion procedure employed to generate these animals was previously described.^[@CVV243C30],[@CVV243C31]^ To induce hypoxia *in vivo*, mice were placed in an airtight chamber with inflow and outflow valves, and infused with a mixture of 10% O~2~ and 90% N~2~ (Carburos Metálicos, Madrid, Spain). All mice in this work were sacrificed by first administering inhalation general anaesthesia (isoflurane 1.5%) followed by cervical dislocation. All studies were performed under the supervision of the Head of Animal Welfare and Health with a protocol approved by the Committee for Research and Ethics of the Universidad Autonoma of Madrid in accordance with the Spanish and European guidelines (Directive 2010/63/EU of the European Parliament).

2.2. Antibodies and reagents {#s2b}
----------------------------

The following reagents were employed: mouse anti-TSP1 clone A6.1 (Pierce, Alcobendas, Spain), TSP1 in human samples was detected with monoclonal anti-TSP1 ab1823 (Abcam, Cambridge, UK), HIF-2α was detected with anti-HIF-2α ab199 (mice) or ab73895 (human; Abcam), and HIF-1α was detected with polyclonal anti-HIF-1α C-term (Cayman Chemical Company, Ann Arbor, MI, USA), or monoclonal anti-HIF-1-a (610958, BD Biosciences, human samples) anti-Vinculin hVIN-1 (Sigma-Aldrich, Tres Cantos, Spain), anti-α-Tubulin T6199 (Sigma-Aldrich), anti-β-Actin (Cell Signaling Technology, Danvers, MA, USA), and rabbit anti-ZO-1 (Thermo Fisher Scientific, Alcobendas, Spain). Secondary antibodies were anti-IgG + IgM of mouse and rabbit conjugated with Peroxidase (Pierce), as well as goat anti-rabbit and goat anti-mouse antibodies conjugated with Alexa Fluor 488 (Invitrogen, Alcobendas, Spain). Alexa Fluor 568 phalloidin (Life Technologies, Alcobendas, Spain). TSP1 from human platelets was obtained from (Athens Research and Technology, Athens, GA, USA).

2.3. Cell culture {#s2c}
-----------------

Primary murine pulmonary artery smooth muscle cells (mPASMCs) were obtained from 8- to 10-week-old male C57BL/6 WT or *tsp1*^−/−^ mice. Mice were sacrificed as previously described and flushed with sterile PBS to remove blood, and lungs were then extracted under sterile conditions. PAs were carefully dissected and the adventitia was removed under a dissecting microscope. Arteries were then cut into rings (1.8--2 mm length) and explanted in a 35 mm culture dish in DMEM with 20% FBS, penicillin (100 U/mL), streptomycin (100 U/mL), amphotericin B (100 µg/mL), HEPES (200 µg/mL), and Heparin 500× (1/500 mL media). Contaminating fibroblasts were separated from mPASMCs by taking advantage of differential adhesive ability. The cells migrated from the explants within 6--9 days and grew to confluence in ∼2 weeks. When explanted cells grew to confluence, they were plated on a 2% gelatin-coated culture plate, allowed to adhere for 30 min, during which contaminating fibroblasts attached to the plate. Non-attached mPASMCs were separated and re-plated*.* Cell purity was confirmed by immunostaining with mouse anti-SMA (clone 1A4, Dako, Carpinteria, CA, USA) and rabbit anti-Calponin (CNN1) EP798Y ab46794 (Abcam). Primary pulmonary fibroblasts (mFib) were isolated by enzymatic digestion with collagenase A from *Clostridium histolyticum* (Sigma-Aldrich). Briefly, mice were sacrificed as above and lungs were perfused with PBS, extracted, cut into small pieces, and then incubated with 3 mL of 2 mg/mL collagenase solution for 30 min. After digestion, cells were washed twice in DMEN with 10% FBS and then cultured in DMEM supplemented with 20% FBS, penicillin (100 U/mL), streptomycin (100 U/mL), and 1% HEPES buffer. Cells were grown for 2 days and then cultured for an additional 3 days in minimum media with 5% FBS to minimize contaminating endothelial or smooth muscle cells. Following this, cells were maintained in media with 20% FBS at 37°C and 5% CO~2~. Human pulmonary artery endothelial cells (hPAECs) and smooth muscle cells (hPASMCs) from ATCC (ATCC-PCS-100-022 or PCS-100-023, respectively) or Lonza (Allendale, NJ, USA) were cultured following manufacturer\'s recommended specifications. To induce hypoxia, cells were placed into an *in vivo* 2400 humidified hypoxia workstation (Ruskinn Technologies, Bridgend, UK) with 5% CO~2~ and 1% oxygen for the indicated time intervals. The human umbilical vein cell line EA.hy926 (ATCC, CRL-2922) was cultured in DMEN supplemented with 1% HAT (hypoxanthine--aminopterin--thymidine), 10% heat-inactivated FBS, 100 U/mL of penicillin and 100 µg/mL of streptomycin, and maintained in an atmosphere of 5% CO~2~ and 37°C.

2.4. HIF reporter *in vitro* assay {#s2d}
----------------------------------

TSP1 HREs (HRE1: GGCGGCTGACGTCCCATCCCGAAGA and HRE2: CCAAGGCTGCGTGGGCGGGC ACCGA) were introduced (three copies in tandem for each HRE) in the luciferase reporter plasmid pGL4.23 vector (Promega, Alcobendas, Spain) between *Kpn*I and *Hin*dIII, generating pGL4.23-HRE1 and pGL4.23-HRE2. As an HRE validated control, we used the HIF-responsive firefly luciferase reporter, expressing the luciferase gene under the control of nine copies in tandem of the VEGF HRE (p3EGR.Luc-9xHRE.VEGF).^[@CVV243C32]^ Renilla, pRL-SV40 Vector (Promega), was used as an internal control. In addition, to test HIF functional activity, we used retroviral vectors pRV-GFP encoding HIF-mutated constitutive active forms, HIF-2α (P-A)^2^ or HIF-1α (P-A)^2^, or a mutation lacking transcriptional activity HIF-1α(P-A)^2^Bhlh.^[@CVV243C33]^ Chinese Hamster Ovary cells (CHO.K1) were cultured in p24 plate at the 75% optimum confluence in 1% glucose DMEN, 10% FBS, penicillin (100 U/mL), and streptomycin (100 U/mL). Then, cells were transiently cotransfected with the pRV vectors (0.25 µg), luciferase vectors (0.25 µg), and Renilla (0.05 µg) using 2.5 µg/well of the transfection reagent jetPEI (Polyplus, Illkirth, France). After 24 h, reporter activity was determined using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer\'s instructions. Firefly luciferase activity was normalized based on the Renilla luciferase activity and Luciferase activity was measured using the Glomax Multidetection system (Promega).

2.5. Human tissue {#s2e}
-----------------

Control non-PAH and end-stage PAH lungs were obtained immediately following explantation under ongoing University of Pittsburgh IRB protocols (970946 and PRO14010265). Informed consent was given for the use of human samples and the study conformed to the principles outlined in the Declaration of Helsinki. Under sterile conditions and employing magnification, lung parenchyma and distal fifth-order PAs were dissected for further processing using a minimal 'touch' technique to prevent tissue injury.

2.6. Immunofluorescence {#s2f}
-----------------------

Cells were seeded onto fibronectin-coated 13-mm glass coverslips (5 μg/mL fibronectin) and then incubated in normoxia or hypoxia (1% O~2~) for 24 h. Afterwards, cells were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.5% Triton in PBS with 1% BSA, 100 µg/mL of gamma globulin and 0.05% azide. Cells were blocked for 30 min with 5% BSA in PBS with 100 µg/mL of gamma globulin and 0.05% azide, and stained with the indicated primary antibodies followed by Alexa Fluor 488 or 568 labelled secondary antibodies or Alexa Fluor 568 phalloidin. DAPI (Sigma-Aldrich) to stain cell nuclei was used. Cells were mounted in Prolong Gold (Invitrogen) and imaged with a Leica fluorescence microscope 020-525.024 (Leica, Madrid, Spain). Images were collected using Leica TCS software. Focal adhesion (FA) contacts were quantified with ImageJ following the protocol described by Horzum *et al.*^[@CVV243C34]^

2.7. Protein expression by western blot analysis {#s2g}
------------------------------------------------

Lysates of snap-frozen lung tissues (murine and human) and isolated murine pulmonary cells were prepared in RIPA buffer \[50 mM TRIS (pH 7.5), 1% NP-40, 1 mM EDTA, 125 mM NaCl, 0.25% sodium deoxycholate, 1 mM sodium orthovanadate, 1 mM sodium fluoride, and 1× phosphatase/protease inhibitors cocktail (Roche Applied Science, Hercules, CA, USA)\]. Cell lysates were centrifuged at 17 000 × *g* for 20 min. A bicinchoninic acid assay (Bio-Rad, Life Sciences Research, Hercules, CA, USA) was used to quantify total protein. Lysates (30 μg/lane) mixed with 1× reducing Laemmli buffer (Bio-Rad) were boiled at 95°C for 5 min, electrophoretically separated on SDS--PAGE gels, and transferred onto nitrocellulose membranes (Bio-Rad). Blots were probed with primary antibody to the respective proteins and afterwards with HRP-conjugated secondary antibodies. Proteins were visualized with HRP substrate (Luminata Forte, Millipore, Madrid, Spain) on ImageQuant LAS 4000 (GE Healthcare Life Sciences, Madrid, Spain). Alternatively, human samples were blocked in Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE, USA), incubated overnight at 4°C with primary fluorescent-labelled antibodies, and visualized on an Odyssey Imaging System (Licor). The intensity of the bands was quantified using ImageQuant 5.2 or ImageJ (NIH, Bethesda, MD, USA).

2.8. RNA quantification by RT--PCR {#s2h}
----------------------------------

Analysis of mRNA was performed by RT--PCR with StepOne Plus (Applied Biosystems, Carlsbad, CA, USA). Cells were grown to 90% confluence in 60 mm culture dishes, and total RNA was extracted from frozen lung tissues or cells using Hybrid-R™ (GeneAll Biotechnology, Co., Ltd) following the manufacturer\'s instructions. RNA (0.5 µg/sample) was reverse-transcribed to cDNA with MultiScribe RT of Gold RNA PCR core kit (Gene Amp, Foster City, CA, USA) and 1 µL of cDNA was amplified by RT--PCR using the StepOne Plus detection system and power SYBR green (Applied Biosystems). The primer pairs used to analyse *tsp1* were designed to amplify exon 2 and 3 of the *tsp1* sequence, which is missing in *tsp1*^−/−^ mice (F: GGTGTCCTGTTCCTGTTGCA; R: CCGTTATCTCCCCCAGACTCT). Other primers used were: *hprt* (F: GTTAAGCAGTACAGCCCCAAA; R: AGGGCATATCCAACAACAA ACTT), *phd3* (F: TGGACAACCCCAATGGTGAT; R: GCAGGACCCCTCCATGTAACT), *β-actin* (F: CGATGCCTGAGGCTCTTT; R: TGGATGCCACAGGATTCCA), *Kv1.5* (F: CTGGGTCAGCAAGAGCCATT; R: TCAGGCAGAGTCTCCAAGCA), Human *hif-1α* (F: AGCCGAGGAAGAACTATGAACATAA; R: GTGGCCTGTGCAGTGCAA) and *hif-2α* (F: CTCATCCCTGCGACCATGA; R: TTCCCAAAACCAGAGCCATT).

2.9. siRNA-mediated gene silencing {#s2i}
----------------------------------

siRNA experiments were carried out with specific pools of siRNAs directed against human TSP1, HIF-1α, or HIF-2α (Santa Cruz, Heidelberg, Germany) or with a non-targeted pool of control siRNAs (scr). Cells were transfected with Lipofectamine 2000 (Invitrogen), according to the manufacturer\'s instruction. Two days after transfection, cells were subjected to normoxia or hypoxia as indicated in each experiment.

2.10. Cell migration {#s2j}
--------------------

Cells were serum-starved for 3 h and then allowed to migrate across Transwell filters (6.5 mm diameter, 8 µm pore size, Costar Corning, NY, USA) for 7 h at 37°C and 5% CO~2~ under normoxia or hypoxia (1% O~2~). As a chemoattractant DMEM with 20% FBS was added into the lower chamber, while basal media were used as a negative control. Non-migrating cells on the upper surface of the membrane were gently removed with Q-tips, while the migrating cells on the lower surface were fixed, stained with Diff-Quick (International Reagent, Kobe, Japan), and counted under the microscope at a magnification of ×10.

2.11. Transwell permeability assays {#s2k}
-----------------------------------

Transendothelial flux of FITC-dextran (molecular mass of 70 kDa; Sigma) was used as an index of endothelial paracellular permeability. hPAECs were seeded at passages 5--8 at a density of 2--3 × 10^4^ cells/cm^2^ on Transwell polycarbonate filters, 6.5 mm diameter, 0.4 μm pore size (Costar Corning). FITC-dextran (10 mg/mL) (Sigma) in cell medium was added to the upper chambers of the Transwell system and the monolayers were then exposed for 6--7 h to normoxia or hypoxia (1% O~2~). Transfer of FITC-dextran across hPAEC monolayers was quantified after 1 h in 100 μL taken from the lower chamber. As a permeability control, we treated hPAEC monolayers with 1 mM EGTA, which alters intercellular junctions increasing the FITC-dextran flux across the cell monolayer. The fluorescence was measured with a spectrophotometer (FLUOstar Omega, BMG Labtech, Cheswick, PA, USA) using 480 and 515 nm as the excitation and emission wavelengths, respectively.

2.12. Vascular contractility {#s2l}
----------------------------

Murine PAs were carefully dissected free of surrounding tissue, cut into rings (1.8-2 mm length), and maintained for 16 h under normoxic or hypoxic (1% O~2~) conditions in basal medium \[DMEN with penicillin (100 U/mL) and streptomycin (100 U/mL)\]. Afterwards, vessel segments were mounted on a wire myograph in the presence of Krebs physiological solution. To maintain normoxic or hypoxic conditions, buffer solutions were continuously aerated with 21% O~2~, 5% CO~2~, and 74% N~2~ (*p*O~2~ = 17--19 kPa) or with 95% N~2~ and 5% CO~2~ (*p*O~2~ = 2.6--3.3 kPa), respectively, and stretched to a transmural pressure equivalent to 30 mmHg. Contractility was recorded by an isometric force transducer and a displacement device coupled with a digitalization and data acquisition system (PowerLab, Paris, France). To confirm smooth muscle viability arteries were first stimulated by raising the K^+^ concentration of the buffer to 80 mmol/L and then allowed to recover. Arteries were then stimulated with serotonin (5-HT, 10 µM) (Sigma) and treated with a concentration--response curve of the endothelium-dependent and independent vasodilators acetylcholine (Ach, 0.001--10 µmol/L) (Sigma) or sodium nitroprusside (SNP, 0.01--1000 nmol/L) (Sigma). In other experiments, vessels were pretreated with XE991 (0.3 µmol/L) or diphenyl phosphine oxide-1, DPO-1 (1 µmol/L), to inhibit Kv7 and Kv1.5 channels, respectively (Sigma).

2.13. Live cell calcium measurement {#s2m}
-----------------------------------

Calcium was measured in mPASMC 10 days after harvest from age-matched male WT and *tsp1*^−/−^ mice. Cells were seeded on Lab-Tek 4 wells (Chambered Coverglass, Thermo Scientific). When cells reached 70% confluence, they were incubated for 16 h in normoxic or hypoxic (1% O~2~) conditions. They were then washed with 4.5 g/L of glucose supplemented Hank\'s Balanced Salt Solution (HBSS) and incubated at 37°C, 5% CO~2~ for 30 min with the cytosolic calcium probe Fluo-4 AM (Thermo Fisher) at 1 µmol/L in HBSS glucose. After incubation, the wells were washed and incubated for additional 30 min. Next, cells were time lapse photographed with an Leica SP5 Confocal Microscope every 7 s using a dry ×20 objective and illuminated with a 488 nm Ar laser using spectral filtering and hybrid (HyD) detectors. To interrogate the role of potassium Kv1.5 channels in this process, cells were treated with DPO-1 (2 μmol/L). Images were collected using Leica TCS software, and the increase in the fluorescence peak was quantified using ImageJ (NIH, Bethesda, MD, USA). As a control of calcium measurement, we quantified the fluorescence of cells treated with Ionomycin (1 µmol/L; Sigma-Aldrich).

2.14. Statistical analysis {#s2n}
--------------------------

The data are presented as the mean ± S.E.M. for all the studies. ANOVA followed by Bonferroni\'s *post hoc* test was used when comparing three or more groups and two-tailed Student\'s *t*-test was used to compare two groups, according with the conditions of normality and homoscedasticity. Shapiro--Wilk normality test and Brown--Forsythe test were used to analyse these conditions. In case the assumptions of normality and homoscedasticity were not accomplished, we used non-parametrical statistical tests; Mann--Whitney test to compare two groups and Kruskal--Wallis followed by Dunn\'s *post hoc* test to compare three or more groups. A *P*-value of \<0.05 was considered significant. Additionally, we used a trend test in those experiments where we wanted to show changes along the time, *P*-trend \<0.05 was considered significant.

3.. Results {#s3}
===========

3.1. Hypoxia-mediated induction of pulmonary TSP1 parallels stabilization of HIF-2α {#s3a}
-----------------------------------------------------------------------------------

Previously we found that chronic hypoxia increases TSP1 expression in the lung.^[@CVV243C15]^ Extending these results, we found that WT mice subjected to hypoxia (10% O~2~) experience an increase in pulmonary TSP1 mRNA levels concurrent with induction of *phd3*, a known hypoxia-sensitive gene^[@CVV243C35]^ (*Figure [1](#CVV243F1){ref-type="fig"}A*). Analysis of TSP1 mRNA levels in *tsp1*^−/−^ mice found no detectable levels of TSP1 message but demonstrated significant induction of *phd3* under hypoxia (*Figure [1](#CVV243F1){ref-type="fig"}A*). To investigate the kinetics of this *in vivo* response, we performed a time course study. Analysis of protein levels in WT mice under hypoxia demonstrated a rapid time-dependent increase in TSP1 that was matched by parallel increase in the levels of HIF-2α (*Figure [1](#CVV243F1){ref-type="fig"}B*). As expected, *tsp1*^−/−^ mice lungs showed no evidence of protein post-hypoxia (*Figure [1](#CVV243F1){ref-type="fig"}B*). Figure 1Hypoxia-mediated induction of pulmonary TSP1 parallels stabilization of HIF-2α. (*A*) Quantitative RT--PCR analysis was performed to determine TSP1 mRNA expression levels in lung samples from WT and *tsp1*^−/−^ mice exposed to normoxia (Nx) or hypoxia (Hp) (10% O~2~) for the indicated time points. mRNA levels are expressed as fold change over WT in normoxic conditions and controlled with β-*Actin* as the housekeeping gene. The hypoxia reporter gene *phd3* was analysed in the same samples as a control of hypoxic stress. Statistical analysis between different conditions was made using a murine type stratified one-way ANOVA test followed by Bonferroni\'s *post hoc* test, \**P* \< 0.05, \*\**P* \< 0.01; ^\#^*P*-trend \< 0.05. Student\'s *t*-test was made between WT Hp 24 h and *tsp1*^−/−^ Hp 24 h. Results are expressed as means ± S.E.M. (*n* = 4), ns (not significant). (*B*) Protein levels in lung samples from WT and *tsp1*^−/−^ mice challenged with normoxia (Nx) or hypoxia (Hp) were detected via western blot probed against TSP1, HIF-2α, and α-Tubulin as a loading control. Quantification of TSP1 and HIF-2α bands was done by densitometry and controlled with α-Tubulin. Protein levels are expressed as fold change over WT in normoxic conditions. Statistical comparisons between different conditions were made using a murine type stratified Kruskal--Wallis followed by Dunn\'s *post hoc* test, \**P* \< 0.05. \*\**P* \< 0.01. ^\#^*P*-trend \<0.05. Mann--Whitney test was made between WT Hp 24 h and *tsp1*^−/−^ Hp 24 h. Results are expressed as means ± S.E.M. (*n* = 4), ns (not significant).

3.2. Hypoxia up-regulates TSP1 in pulmonary vascular and non-vascular cells {#s3b}
---------------------------------------------------------------------------

TSP1 is produced and secreted by systemic arterial VSMCs,^[@CVV243C36]^ fibroblasts, and endothelial cells.^[@CVV243C37]^ However, it is not known if mPASMC and endothelial cells, and pulmonary fibroblasts, produce TSP1 and whether this process is modulated by changes in oxygen tension. To test this, we isolated pulmonary fibroblasts (mFib) and mPASMC harvested from murine (WT and *tsp1*^−/−^) PAs and confirmed their linage by staining with specific markers for SMC, like α-SMA and CNN-1 (see [Supplementary material online, *Figure S1*](http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv243/-/DC1)). Then, we challenged them with hypoxia (1% O~2~) for 24 h. Our results demonstrated that hypoxia significantly increased TSP1 mRNA levels in mFib and hPAECs, and stimulated a modest but not significant increase in mPASMC (*Figure [2](#CVV243F2){ref-type="fig"}A*). Accordingly, TSP1 protein levels were significantly increased in all murine and human (hPAEC and hPASMC) cell types after a hypoxic challenge (*Figure [2](#CVV243F2){ref-type="fig"}B*). To more precisely define the hypoxic induction of pulmonary TSP1, we employed fluorescent imaging of normoxic and hypoxic cells. IF imaging confirmed increased TSP1 expression in hypoxic mPASMC, mFib, and hPAEC that was localized to the perinuclear cytoplasm (*Figure [2](#CVV243F2){ref-type="fig"}C*). Figure 2Hypoxia up-regulates TSP1 in pulmonary vascular and non-vascular cells. (*A*) Pulmonary murine fibroblasts (mFib) and murine PASMC (mPASMC) from WT, and human PAECs (hPAECs) were exposed to normoxia (Nx) or hypoxia (Hp) (1% O~2~) for 24 h and changes in mRNA levels determined by RT--PCR. TSP1 mRNA levels are expressed as fold change over normoxic conditions and controlled with β-*Actin* as the housekeeping gene. Average ± S.E.M. of *n* = 3 performed is shown. \**P* \< 0.05, \*\**P*\< 0.01. Student\'s *t*-test, ns (not significant). (*B*) Protein levels from mFib, mPASMC, hPAEC, and hPASMC exposed to normoxia (Nx) or hypoxia (Hp) (1% O~2~) for 24 h were detected by western blot probed against TSP1, HIF-2α, and α-Tubulin as a loading control. Densitometric analysis was performed to quantify TSP1 bands and levels were controlled with α-Tubulin and expressed as fold change over Nx. Average ± S.E.M. of *n* = 3 performed is shown. \**P* \< 0.05. Student\'s *t*-test, ns (not significant). (*C*) Visualization of TSP1 (green) and F-Actin (red) in mFib, mPASMC, and hPAEC grown on fibronectin (5 μg/mL)-coated coverslips. Images shown are representative of three experiments. Bars, 50 μm.

3.3. HIF-2α regulates TSP1 levels in the lung {#s3c}
---------------------------------------------

From the above studies, it was apparent that hypoxia rapidly up-regulated TSP1 transcript in the lung. Nonetheless, it remained unknown at what level HIF controlled TSP1 expression. Since both HIF-1α and HIF-2α null mice are resistant to pulmonary hypertension^[@CVV243C22],[@CVV243C23]^ as well as the *tsp1*^−/−^ mice,^[@CVV243C15],[@CVV243C16]^ we wondered whether HIF-α activation was sufficient to produce TSP1 induction in the lung. To this aim, we generated mice deficient in the VHL protein. Mice lacking the VHL gene (*vhl^−/−^*) no longer process HIF-α protein for degradation under normoxia,^[@CVV243C30],[@CVV243C38]^ and therefore phenocopy hypoxic WT mice. Pulmonary TSP1 mRNA and protein levels in normoxic *vhl*^−/−^ mice were significantly increased compared with the levels in normoxic WT mice (*Figure [3](#CVV243F3){ref-type="fig"}A* and *B*). To assess whether HIF-1α or HIF-2α was required for hypoxia-mediated induction of pulmonary TSP1, we generated mice in which both VHL and HIF-2α or VHL and HIF-1α were simultaneously inactivated (*vhl^−/−^/hif-2α^−/−^* or *vhl^−/−^/hif-1α^−/−^*, respectively) and analysed pulmonary TSP1 levels. In contrast to the induction observed in *vhl^−/−^* mice, pulmonary TSP1 mRNA and protein levels in *vhl^−/−^/hif-2α^−/−^* double knockout mice were decreased (*Figure [3](#CVV243F3){ref-type="fig"}A* and *B*), whereas in *vhl^−/−^/hif-1α^−/−^* TSP1 mRNA levels remained induced (*Figure [3](#CVV243F3){ref-type="fig"}A*). To confirm the role of HIF-2α in regulating pulmonary TSP1, we exposed *hif-2α^−/−^* mice to chronic hypoxia. As in double knockout mice, hypoxia did not up-regulate pulmonary TSP1 in *hif-2α^−/−^* mice (*Figure [3](#CVV243F3){ref-type="fig"}B*). To further extend these results to human lung, we analysed TSP1 levels in hPAEC and hPASMC following HIF-1α or HIF-2α interference. Interestingly, hypoxia-mediated induction of TSP1 mRNA was down-regulated in hPAEC treated with the HIF-2α siRNA (*Figure [3](#CVV243F3){ref-type="fig"}C*). When protein levels were analysed, we observed in hypoxia either no increase in TSP1 (hPAEC) or a decrease in TSP1 (hPASMC) following HIF-2α suppression (*Figure [3](#CVV243F3){ref-type="fig"}D*). Consistently, HIF-2α protein levels proved difficult to detect by western blot in hPASMC. Figure 3HIF-2α regulates TSP1 levels in the lung. (*A*) Quantitative RT--PCR analysis was performed to determine TSP1 mRNA expression levels in lung samples from WT, VHL deficient (*vhl^−/−^*), VHL/HIF-2α (*vhl^−/−^*/*hif-2α^−/−^*), and VHL/HIF-1α (*vhl^−/−^*/*hif-1α^−/−^*) double-deficient mice. mRNA levels are expressed as fold change over WT and controlled with β-*Actin* as the housekeeping gene. Average ± S.E.M. of *n* = 4 performed is shown. Statistical comparisons between different conditions were made using Kruskal--Wallis followed by a Dunn\'s *post hoc* test, \**P* \< 0.05, ns (not significant). (*B*) Protein levels in lung samples from WT, *vhl^−/−^*, *vhl^−/−^*/*hif-2α^−/−^*, and *hif-2α^−/−^* mice under normoxia (Nx) or hypoxia (Hp) (10% O~2~) for 3 days were analysed by western blot. Representative images of three experiments are shown. (*C*) TSP1, HIF-1α, and HIF-2α mRNA expression levels were analysed in hPAEC untreated or transfected with scrambled (scr), HIF-1α or HIF-2α siRNA and then exposed to Nx or Hp (1% O~2~) for 24 h. Statistical comparisons between different conditions were made using a cell type stratified Mann--Whitney\'s test, \**P* \< 0.05, \*\**P* \< 0.01. Mann--Whitney\'s test was made between different cell types in Hp, \**P* \< 0.05 was considered significant, *n* = 4. (*D*) Western blot of hPAEC and hPASMC, untreated or transfected with scrambled (scr), HIF-1α or HIF-2α siRNA and then exposed to Nx or Hp (1% O~2~) for 24 h, probed against TSP1, HIF-1α, HIF-2α, and α-Tubulin or β-Actin as a loading control. Representative images of five experiments are shown.

Extending these cell and animal studies, we performed western blot analysis of lung parenchyma and fifth-order PAs from individuals with (*n* = 15) and without PAH (*n* = 8). Paralleling results obtained in mice, we found up-regulation of pulmonary TSP1 protein in both parenchymal and PA samples from PAH compared with non-PAH individuals (*Figure [4](#CVV243F4){ref-type="fig"}A* and *B*). Interestingly though, HIF-2α as well as HIF-1α protein expression was increased in PA samples from PAH lungs, but decreased in parenchymal samples from the same (*Figure [4](#CVV243F4){ref-type="fig"}A* and *B*). Figure 4Lung samples of PAH patients. Western blot analysis of lysates of fifth-order PAs (*A*) and lung parenchyma (*B*) from non-PAH and PAH human lungs was performed against TSP1, HIF-1α, HIF-2α, and α-Tubulin or β-Actin as a loading control. Representative blots and densitometry (average ± S.E.M.) are presented as the mean ratio of target protein to α-Tubulin or β-Actin, respectively (*n* = 8 normal and 15 PAH samples); Mann--Whitney test corrected by Bonferroni\'s *post hoc* test was performed, \**P* \< 0.05.

3.4. The proximal promoter region of TSP1 contains functional HREs {#s3d}
------------------------------------------------------------------

We analysed the proximal promoter region of TSP1 and identified two putative HREs between positions −1120 to −1196 (site 1) and −249 to −225 (site 2) relative to the transcription starting site. These sites contained the core RCGTG/C sequence and were selected based on the highest score corresponding to potential HRE sites published in the literature.^[@CVV243C39]^ Furthermore, these sites corresponded with open chromatin and transcription factors binding site clusters that are highly conserved among different mammalian species (*Figure [5](#CVV243F5){ref-type="fig"}A*). To establish a possible direct interaction of HIF with these putative TSP1 HRE regulatory sites, we performed luciferase reporter assays. We inserted TSP1 HRE site 1 or HRE site 2 with three copies in tandem in the luciferase reporter plasmid pGL4.23. CHO.K1 cells were cotransfected with these HREs and the constitutive active forms of HIF-1α or HIF-2α \[HIF-1α (P-A)^2^, or HIF-2α (P-A)^2^, respectively\].^[@CVV243C33]^ To validate these vectors, we employed as a control the luciferase vector p3EGR.Luc bearing a well-known functional HRE of VEGF^[@CVV243C32]^ (see [Supplementary material online, *Figure S2*](http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv243/-/DC1)). Reporter activity demonstrated an HIF-2α-mediated significant induction (4- and 18-fold in HRE site 1 and HRE site 2, respectively; *Figure [5](#CVV243F5){ref-type="fig"}B*). These results clearly indicate that HIF-2α interacts with both HRE, and on the other hand, this interaction reports functional activity. It is worth mentioning that HIF-2α displayed a higher reporter activity on TSP1 HRE site 2 compared with HRE site 1. Figure 5HIF-2α functionally binds to HREs of the *tsp1* proximal promoter sequence. (*A*) Blast sequence alignment of the *tsp1* proximal promoter sequence of different mammalian species containing conserved HRE sites (sites 1 and 2), and boxes mark core sequences of HRE sites. (*B*) Luciferase reporter activity assay of TSP1 HREs. Equal numbers of CHO.K1 cells were plated in 24-well plate (5 × 10^5^ cells per well) and cotransfected with PGL4.23-3xHRE1 (HRE site 1) or PGL4.23-3xHRE2 (HRE site 2) and with pRV-GFP-HIF-1α(P-A)^2^ (HIF-1α(P-A)\*2) or pRV-GFP-HIF-2α(P-A)^2^ (HIF-2α(P-A)\*2) or pRV-GFP empty vector as a control. pRL-SV40 (*Renilla*) was included in all transfections as a luciferase internal control. Twenty-four h after cotransfection cells were lysed and analysed for luciferase activity. Results are expressed as means ± S.E.M. of relative light units (RLU) normalized to control. Statistical comparisons between different conditions were made using Kruskal--Wallis, followed by a Dunn\'s *post hoc* test, \*\**P* \< 0.01, \*\*\**P* \< 0.001, *n* = 8.

3.5. TSP1 stimulates de-adhesion to promote hypoxia-mediated migration of pulmonary fibroblasts and PASMCs {#s3e}
----------------------------------------------------------------------------------------------------------

In pulmonary vasculature activation, subsequent migration of fibroblasts and myofibroblasts into the medial layer of vessels have been suggested to contribute to vessel remodelling.^[@CVV243C40],[@CVV243C41]^ Although TSP1 is known to promote migration of cells under normoxia,^[@CVV243C42]^ it is unknown if TSP1 controls the migratory activity of mFib and mPASMC under either normoxia or hypoxia. To assess this, we tested *in vitro* cell migration with the classic transwell assay. mFib and mPASMC harvested from WT and *tsp1^−/−^* mice were incubated under normoxia or hypoxia (1% O~2~) for 7 h and migration determined. In response to normoxia, both WT and *tsp1*^−/−^ mPASMC and mFib displayed similar migratory capacity (*Figure [6](#CVV243F6){ref-type="fig"}A* and *B*). In contrast, under hypoxic conditions, WT mFib displayed significantly greater migratory response compared with *tsp1*^−/−^ cells (*Figure [6](#CVV243F6){ref-type="fig"}A*). Similarly, hypoxia increased migration in mPASMC from WT, but not from *tsp1*^−/−^, mice (*Figure [6](#CVV243F6){ref-type="fig"}B*). Figure 6TSP1 stimulates de-adhesion to promote hypoxia-mediated migration of mFib and mPASMC. Migration of mFib (*A*) and mPASMC (*B*) from WT and *tsp1*^−/−^ mice was assessed in transwell assays. Cells (12 × 10^3^ cells/well) were serum-starved for 3 h and then allowed to migrate for 7 h at 37°C and 5% CO~2~ under normoxia (Nx) or hypoxia (Hp) (1% O~2~). As chemoattractant, DMEM with 20% FBS was added into the lower chamber, and basal media was used as a negative control. The number of cells migrated are represented as fold ± S.E.M. over WT under normoxic conditions. Statistical comparisons between different conditions were made using a murine stratified Student\'s *t*-test, \**P* \< 0.05 \*\**P* \< 0.01. Student\'s *t*-test was made between WT Hp 24 h and *tsp1*^−/−^ Hp 24 h, \**P* \< 0.05 was considered significant, *n* = 4, ns (not significant). (*C*) Visualization of cell adhesion plaques. mFib and mPASMC grown on fibronectin (5 μg/ml)-coated coverslips were cultured under Nx or Hp (1% O~2~) for 24 h, then fixed, permeabilized, and incubated with mAb to Vinculin (VCL), visualized with Alexa 488 (green), together with Alexa Fluor 568 phalloidin (red) to stain actin filaments (F-Actin). Images shown are representative of three experiments and at least 30 cells per condition. Bars, 50 μm.

FA disassembly promotes cell motility.^[@CVV243C43]^ Interestingly TSP1 is an intermediate of cell adhesion and stimulates disassembly of FA contacts.^[@CVV243C44]^ Consistent with this, hypoxic WT mFib and mPASMC exhibited reduced adhesion to fibronectin substrate, which correlated with a decrease in FA contacts, compared with cells from *tsp1*^−/−^ mice (*Figure [6](#CVV243F6){ref-type="fig"}C*). Quantification of the percentage of total FA contacts per cell area, the average area of an individual FA contacts, and the number of FA contacts per cell area, all demonstrated increased adhesiveness of *tsp1*^−/−^ mFib and mPASMC under hypoxic conditions, consistent with their demonstrated decreased migratory capacity (*Table [1](#CVV243TB1){ref-type="table"}*). Table 1FA contact quantification of *WT* and *tsp1*^−/−^ mFib and mPASMC under normoxia and hypoxia (corresponding to *Figure [5](#CVV243F5){ref-type="fig"}C*)Total % of FAs/cell areaMean FA area (μm^2^)FAs/cell area (μm^2^)mFib wt Nx19.95 ± 1.577.06 ± 0.302.61 × 10^−2^ ± 2.99 × 10^−3^ wt Hp13.36 ± 1.235.94 ± 0.242.00 × 10^−2^ ± 1.69 × 10^−3^ *tsp1*^−/−^ Nx22.90 ± 1.847.36 ± 0.293.46 × 10^−2^ ± 2.37 × 10^−3^ *tsp1*^−/−^ Hp22.55 ± 1.51\*7.48 ± 0.31\*3.13 × 10^−2^ ± 2.02 × 10^−3^\*mPASMC wt Nx18.75 ± 1.656.64 ± 0.232.86 × 10^−2^ ± 1.88 × 10^−3^ wt Hp15.29 ± 1.205.87 ± 0.162.53 × 10^−2^ ± 1.55 × 10^−3^ *tsp1*^−/−^ Nx22.05 ± 1.307.20 ± 0.173.04 × 10^−2^ ± 1.37 × 10^−3^ *tsp1*^−/−^ Hp24.91 ± 1.60\*7.17 ± 0.17\*3.45 × 10^−2^ ± 1.79 × 10^−3^\*[^1][^2]

3.6. Hypoxia-mediated increase in TSP1 destabilizes pulmonary artery endothelial cell junctions and increases paracellular permeability {#s3f}
---------------------------------------------------------------------------------------------------------------------------------------

The above results indicated that TSP1 induces FA disassembly in mFib and mPASMC. Related to this, prior reports have shown that TSP1 also regulates intercellular junctions in PAEC.^[@CVV243C45]^ Therefore, we aimed to determine whether the hypoxia-mediated induction of TSP1 could also influence endothelial cell function. To this aim, we transfected hPAEC with a control or siRNA against TSP1 and then cultured them in normoxia or hypoxia and conducted permeability studies in the absence or presence of exogenous TSP1. As predicted, hPAEC treated with the TSP1-targeting siRNA demonstrated significantly less TSP1 protein following hypoxia compared with cells treated with the scrambled control siRNA or untreated cells (*Figure [7](#CVV243F7){ref-type="fig"}A*). As a permeability control, we treated hPAEC monolayers with 1 mM EGTA (see [Supplementary material online, *Figure S2*](http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv243/-/DC1)). Interestingly, hypoxia and exogenous TSP1 (20 µg/mL) both increased cell permeability (*Figure [7](#CVV243F7){ref-type="fig"}B*). Conversely, knockdown of TSP1 blocked the hypoxic-mediated increase in cell permeability (*Figure [7](#CVV243F7){ref-type="fig"}B*). To inquire whether this was due to changes in intercellular junctions, we performed immunofluorescent staining of an essential constituent of tight junctions, the protein Zonulin-1 (ZO-1) in these cells. Interestingly, hPAEC transfected with the control siRNA under hypoxia displayed an irregular immunofluorescent staining pattern of ZO-1 distribution. However, treating the cells with a TSP1 siRNA ameliorated the hypoxia-mediated dysregulation of ZO-1 (*Figure [7](#CVV243F7){ref-type="fig"}C*). Figure 7Hypoxia-mediated increase in TSP1 destabilizes hPAEC junctions and increases paracellular permeability. hPAECs were untreated or transfected with scrambled (scr) or specific TSP1 siRNA (siTSP1) and 24 h after transfection cells were exposed to normoxia (Nx) or hypoxia (Hp) (1% O~2~). (*A*) Analysis of TSP1 and α-Tubulin protein levels by western blot, and images shown are representative of four experiments. (*B*) hPAEC monolayers were exposed to normoxia (Nx) or hypoxia (Hp) (1% O~2~) or treated with TSP1 exogenous (20 µg/mL) for 7 h, and flux of FITC-dextran 70 kDa (FD-70) across hPAEC monolayers for 1 h. Fluorescence was quantified with a spectrophotometer at 515 nm. Average ± S.E.M. of *n* = 6 performed is shown. Statistical comparisons between different conditions were made using a cell type stratified one-way ANOVA test followed by Bonferroni\'s *post hoc* test, \**P* \< 0.05, \*\**P* \< 0.01. (*C*) IF of hPAEC with ZO-1-Alexa 488 (green) and Alexa Fluor 568 phalloidin (red) to visualize actin filaments (F-Actin). Two days after transfection cells were grown on fibronectin (2 μg/mL)-coated coverslips and cultured under Nx or Hp (1% O~2~) for 24 h. Images shown are representative of three experiments. AU, arbitrary units.

3.7. TSP1 limits hypoxia-mediated vascular responses in PAs {#s3g}
-----------------------------------------------------------

Vascular contraction and dilation are oxygen-sensitive processes that deteriorate under hypoxic conditions.^[@CVV243C46]^ *In vivo*, hypoxia promotes vasodilation of the systemic circulation and increased tissue perfusion,^[@CVV243C47]^ whereas in the pulmonary circulation acute hypoxia promotes vasoconstriction to limit perfusion of parenchyma that is less ventilated.^[@CVV243C48]^ We have reported that, under normoxia, systemic arterial blood flow in skeletal muscles and perfusion of skin flaps is limited by TSP1 basally, and in response to ischaemia--reperfusion injury.^[@CVV243C6],[@CVV243C36],[@CVV243C49],[@CVV243C50]^ However, it was not clear if endogenous TSP1 limited pulmonary arterial function under hypoxia. To investigate this, we challenged PA from male WT and *tsp1*^−/−^ mice to SNP, a pro-drug metabolized by smooth muscle cells to NO, or Ach, an endothelial cell activator and stimulator of endogenous NO production, and assessed vasodilation under both normoxia and hypoxia (1% O~2~). Vasodilation induced by SNP under normoxic or hypoxic conditions was similar among WT and *tsp1*^−/−^ PAs (see [Supplementary material online, *Figure S3*](http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv243/-/DC1)). Similarly, under normoxia, WT and *tsp1*^−/−^ PAs displayed comparable sensitivity to Ach (*Figure [8](#CVV243F8){ref-type="fig"}A* and *B*). However, endothelium-dependent vasodilation induced with Ach was significantly reduced in hypoxic WT PA. In contrast, hypoxic *tsp1*^−/−^ PA maintained Ach sensitivity comparable to normoxic vessels (*Figure [8](#CVV243F8){ref-type="fig"}A* and *B*). Figure 8TSP1 limits hypoxia-mediated vascular responses in PAs. Vascular responses were analysed in endothelium-intact PAs from WT or *tsp1*^−/−^ mice previously incubated for 16 h under normoxic (Nx) or hypoxic (Hp) (1% O~2~) conditions. Representative traces (*A*) and average values (*B*) of the ACh-induced relaxation (ACh) in serotonin (5-HT)-stimulated PAs. (*C*) Average values of the contraction induced by XE991 (0.3 µmol/L) and DPO-1 (1 µmol/L), Kv7 and Kv1.5 channels inhibitors, respectively. (*D*) Life cell calcium measurement with cytosolic calcium probe Fluo-4 AM. Average values of DPO-1-induced fluorescence (2 µmol/L) in mPASMC from WT or *tsp1*^−/−^ mice previously incubated for 16 h under normoxic (Nx) or hypoxic (Hp) (1% O~2~) conditions. Statistical comparisons in (*A--D*) were made using two-way ANOVA, followed by Bonferroni\'s *post hoc* test; \**P* \< 0.05, \*\**P* \< 0.01. Results are expressed as means ± S.E.M. (*n* = 10). AU, arbitrary units. (*E*) Quantitative RT--PCR analysis was performed to determine Kv1.5 mRNA expression levels in mPASMC from WT or *tsp1*^−/−^ mice under normoxia (Nx) or hypoxia (Hp) (1% O~2~) for 24 h. mRNA levels are expressed as fold change over WT in normoxic conditions and controlled with β-*Actin* as the housekeeping gene. Results are expressed as means ± S.E.M. Statistical comparisons between different conditions were made using a mice type stratified Student\'s *t*-test, \**P* \< 0.05, *n* = 3.

3.8. TSP1 affects hypoxia-mediated down-regulation of Kv1.5 {#s3h}
-----------------------------------------------------------

It is reported that hypoxia inhibits the function and expression of several Kv channels in mPASMC which results in membrane depolarization and leads to an increase in intracellular Ca^2+^ concentrations.^[@CVV243C51]^ Therefore, we tested the role of TSP1 on the modulatory effect of hypoxia on Kv channels and whether this affected intracellular calcium concentration. We analysed the contractile responses induced by Kv1.5 or Kv7 channel inhibitors in PA from WT or *tsp1*^−/−^ mice exposed to normoxia or hypoxia. We found that the Kv7 channel inhibitor XE991 produced a similar degree of contraction under normoxia and hypoxia in both, WT and *tsp1*^−/−^ PA (*Figure [8](#CVV243F8){ref-type="fig"}C*). Conversely, contraction mediated by the Kv1.5 channel inhibitor DPO-1 was markedly diminished in hypoxic, when compared with normoxic, WT PA (*Figure [8](#CVV243F8){ref-type="fig"}C*). Remarkably, hypoxic *tsp1^−/−^* PA treated with DPO-1 had no loss of vasoconstriction (*Figure [8](#CVV243F8){ref-type="fig"}C*). Next, we analysed changes in intracellular Ca^2+^, using cells treated with ionomycin, a calcium ionophore, as controls (see [Supplementary material online, *Figure S4*](http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvv243/-/DC1)). In agreement with the data in *Figure [8](#CVV243F8){ref-type="fig"}C*, the increase in intracellular Ca^2+^ induced by DPO-1 was attenuated in hypoxic when compared with normoxic WT mPASMC. Of note, this difference was not observed in *tsp1*^−/−^ mPASMC (*Figure [8](#CVV243F8){ref-type="fig"}D*). Furthermore, hypoxia significantly decreased Kv1.5 mRNA levels in mPASMC harvested from lungs of WT mice, while Kv1.5 mRNA levels in cells from *tsp1*^−/−^ mice were not altered by hypoxia (*Figure [8](#CVV243F8){ref-type="fig"}E*).

4.. Discussion {#s4}
==============

Oxygen is essential for mammalian life and cells are well designed to rapidly alter gene expression profiles in response to changes in the partial pressure of oxygen. Hypoxia activates cellular sensing mechanisms focused on restoring oxygen to the hypoxic regions to maintain cell viability. Previous studies from human and animal models point to the family of HIF-1α and HIF-2α as important regulators in pulmonary vascular responses to both acute and chronic hypoxia.^[@CVV243C22],[@CVV243C23],[@CVV243C24],[@CVV243C25],[@CVV243C52]^ However, results from human subjects and mice models highlight the relevance of HIF-2α in PAH.^[@CVV243C26]^ Individuals with Chuvash polycythaemia, which is caused by a mutation in VHL, are found to develop PAH.^[@CVV243C53]^ In addition, pulmonary HIF-2α activity was found to be increased in a murine model of Chuvash polycythaemia, whereas loss of one copy of the HIF-2α gene was associated with less pulmonary hypertension in these animals.^[@CVV243C27]^ Not unexpectedly, HIF-2α gain-of-function mutations are associated with PAH.^[@CVV243C24],[@CVV243C26],[@CVV243C54]^ Moreover, we have seen that the arterial remodelling phenotype of *vhl^−/−^* was partially decreased in the *vhl^−/−^/hif-2α^−/−^* double null mice (unpublished data). Furthermore, erythropoietin (EPO), a downstream target of HIF-2α,^[@CVV243C55]^ is increased in the peripheral blood and endothelial cells from explanted lungs of end-stage PAH patients.^[@CVV243C56],[@CVV243C57]^ In hPASMC hypoxia, via HIF-2α, increases expression of the transcription factor forkhead box M1 (FoxM1) to promote cell proliferation,^[@CVV243C58]^ and the downstream gene target octamer-binding transcription factor (Oct4).^[@CVV243C59]^

We now find that TSP1 induction in *vhl*^−/−^ mice, that have constitutive HIF activity and mimic chronic hypoxia, was only reverted in the absence of HIF-2α, but not when HIF-1α was eliminated, suggesting that HIF-2α is necessary for hypoxic-mediated pulmonary induction of TSP1. In human pulmonary vascular cells, hypoxia increased TSP1 mRNA and protein levels that reverted when HIF-2α was silenced. In addition, our *in vitro* luciferase reporter assays proved that a transcriptional mechanism mediated by HIF-2α-binding to HREs close to the *tsp1* promoter was involved. Altogether, these results clearly indicate that HIF-2α induces TSP1 levels in hypoxic murine and human lungs.

Curiously, in mPASMC, hypoxic challenge resulted in a modest and non-significant increase in TSP1 transcript. Although the reasons for this remain to be determined, it is possible that cell viability was adversely altered under the serum-restricted conditions of the experiment. However, we cannot exclude that other HIF-independent events could also affect TSP1 protein levels in hypoxic pulmonary vascular cells. Finally, preliminary results in a cohort of human PAH and non-PAH samples suggest that both HIF-1α and HIF-2α might be involved in the regulation of TSP1 in human lungs, predominantly in the pulmonary vasculature. A more extensive investigation in human PAH will be required to confirm these initial findings.

Migration of PA fibroblasts and PASMC contributes to pulmonary arterial remodelling and luminal narrowing in PAH.^[@CVV243C60]^ Previous studies from our group found *tsp1*^−/−^ systemic arterial smooth muscle cells deficient in PDGF-driven migration compared with WT cells.^[@CVV243C61]^ Consistent with this, we observed that, under hypoxia, mFib and mPASMC from *tsp1*^−/−^ mice had decreased migration compared with cells from WT mice. These *in vitro* data predict an effect in vessel remodelling in hypoxic lungs, in keeping with our previous results demonstrating decreased pulmonary arterial remodelling in *tsp1^−/−^* mice following chronic hypoxia.^[@CVV243C15]^ Hypoxia-mediated increases in pulmonary TSP1 likely stimulated mFib and mPASMC migration, in part, through limiting adhesion in WT cells. In contrast, hypoxic *tsp1^−/−^* mFib and mPASMC demonstrated increased expression of FA contacts along with decreased migration. In addition, the pathogenesis of PAH also involves endothelial cell dysfunction that plays an integral role in mediating the structural changes in the pulmonary vasculature. New findings herein demonstrate that hypoxia-mediated induction of TSP1 levels contribute to increase endothelial permeability, mediated in part by changes in cell--cell adhesion. This, in fact, may facilitate PASMC migration through the endothelial barrier contributing to vessel remodelling in PAH.

Taken together, these data provide genetic evidence that TSP1 drives hypoxic pulmonary vascular remodelling. These findings also provide possible mechanistic insights into the previously reported finding that HIFs stimulate pulmonary fibroblast migration^[@CVV243C62]^ that, based on results presented, is mediated to some degree through the induction of TSP1.

At a functional level, we found that endothelial-dependent vasodilation elicited by ACh was impaired in hypoxic PA from WT mice. In contrast, hypoxic *tsp1*^−/−^ PA retained sensitivity to Ach. In addition, the contraction and the increase in intracellular calcium induced by the Kv1.5 channel inhibitor DPO-1 were markedly decreased in hypoxic vs. normoxic WT PA, whereas *tsp1*^−/−^ PAs were resistant to these DPO-1 effects. The reduced contraction to DPO-1 in hypoxic WT PAs is consistent with the down-regulation of Kv1.5 mRNA levels and with the decreased accumulation of intracellular calcium observed in mPASMC. These results are in agreement with studies showing reduced Kv1.5 channel activity and expression in cultured mPASMC^[@CVV243C63],[@CVV243C64],[@CVV243C65]^ and intact animals^[@CVV243C66],[@CVV243C67]^ exposed to chronic hypoxia. Down-regulation of Kv1.5 and other oxygen-sensitive Kv channels is associated with loss of acute hypoxia-mediated pulmonary vasoconstriction.^[@CVV243C67],[@CVV243C68]^ As Kv1.5 channel expression is preserved in *tsp1*^−/−^ mice, it is expected that hypoxic pulmonary vasoconstriction would be preserved rather than lost when these mice are exposed to chronic hypoxia. However, the mechanisms underlying the preservation of Kv1.5 channel activity in isolated PA from *tsp1*^−/−^ mice remain unknown. Of some possible importance in this regard, we previously reported that endothelin receptor protein levels were down-regulated in lungs from *tsp1*^−/−^ compared with WT mice.^[@CVV243C49]^ As endothelin-1 is known to inhibit Kv1.5 channels,^[@CVV243C69],[@CVV243C70]^ this raises the possibility that the TSP1 effects on Kv channel-mediated contraction in hypoxic PA could be mediated through endothelin-1. Alternatively, the resistance of *tsp1*^−/−^ PA to hypoxia may be due to effects on other signalling moieties, including reactive oxygen species (ROS), that are increased in hypoxia^[@CVV243C71]^ and promote vasoconstriction. We have reported that TSP1 can directly activate NADPH oxidases in aortic vascular smooth muscle cells^[@CVV243C72]^ and renal tubular epithelial cells^[@CVV243C73]^ to increase superoxide production. It remains to be seen if TSP1 directly stimulates enzymatic ROS production in the pulmonary vasculature.

The present results show that hypoxia, in a HIF-2α-dependent manner, elicits an increase on TSP1 levels in tissues and pulmonary artery cells mediating structural changes in the pulmonary vasculature. Taken together, these new findings suggest multiple mechanisms through which TSP1 may promote PAH. As TSP1 has been found to be increased in several pulmonary diseases,^[@CVV243C74],[@CVV243C75],[@CVV243C76]^ our present findings likely have implications beyond PAH.
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[^1]: The data are presented as average ± S.E.M. Total % of FAs/cell area = sum of all FAs area in one cell divided by the total area of the cell. Mean FA area = area of a single FA. FAs/cell area = number of FAs in one cell divided by the total area of the cell. Number of experiments = 3. Number of cell analysed = 50--60 per treatment condition, number of FAs analysed = 400--1500 per cell. Two-way ANOVA followed by Bonferroni\'s test was used.

[^2]: \*Significance vs. WT Hp, *P* \< 0.001.
